Non-vital immature permanent teeth are clinically difficult to manage due to their thin dentinal walls. As a result, the effectiveness of mechanical instrumentation is compromised. In addition, the lack of apical constriction can cause extrusion of irrigants, medicaments, and root canal fillings beyond the apex. 
portion of the root was sectioned, leaving a root that was 10 mm in length. All specimens were wrapped in moist gauze to prevent desiccation. A No. 6 Peeso drill bur was used from the coronal to the middle portion of the specimen (4 mm above from apex). To create an open apex, each specimen was prepared using a No. 4 Peeso reamer in a retrograde direction, corresponding to an apical diameter of 1.1 mm. Final irrigation with 5 mL of 2.5% sodium hypochlorite and 2 mL of 17% ethylenediaminetetraacetic acid was performed with a disposable syringe and 25 G hypodermic needle (NIPRO, Osaka, Japan). Prepared specimens were radiographed and stored in .1% thymol solution until use.
In total, 150 specimens were randomly divided into 10 groups of 15 specimens each. Each group was treated with different apical plug materials: (a) groups 1 and 2: ProRootMTA (Dentsply Sirona, York, USA) using 3-and 4-mm apical plugs; (b) groups 3 and 4:
Biodentine (Septodont, Saint-Maur-des-Fossés, France) using 3-and 4-mm apical plugs; (c) groups 5 and 6: TotalFill BC RRM paste (FKG, La Chaux-de-Fonds, Switzerland) using 3-and 4-mm apical plugs; (d) groups 7 and 8: TotalFill BC RRM putty (FKG, La Chaux-de-Fonds, Switzerland) using 3-and 4-mm apical plugs; (e) groups 9 and 10:
RetroMTA (BioMTA, Daejeon, Korea) using 3 and 4 mm apical plugs; (f) group 11: positive control of the bacterial leakage test using Gutta-Percha cone (MachOne, Levittown, PA, USA) without sealer using a 4-mm apical plug; and (g) group 12: negative control of the bacterial leakage test using resin composite (Ice; SDI, Melbourne, Victoria, Australia) using a 4-mm apical plug.
Prepared specimens from groups 1 to 11 were embedded in moistened floral sponges (OASIS; Smithers-Oasis, Kent, OH, USA) to simulate the periapical tissues during canal obturation using the same protocol as Hachmeister et al. 12 Canals were dried with paper points. Apical plugs consisting of the root filling material were placed in an orthograde direction using a carrier (MTA applicator; Angelus, Londrina, Brazil) and tapped with a fitted plugger (RCP9/11; HuFriedy, Chicago, IL, USA). All specimens were obturated under a microscope (OPMI pico; ZEISS, Jena, Germany) with 20× magnification, and a radiograph was obtained to confirm that the apical plug was well condensed. All of the specimens were then stored at 37°C
and 100% humidity for 7 days to allow for the complete setting of materials. Of the 15 specimens in each group, 10 were used in the bacterial leakage test, and five specimens were used for the marginal adaptation evaluation.
| Bacterial leakage test
The root surfaces from groups 1 to 11 were sealed with two layers of nail varnish (Revlon, New York, NY, USA), except for 0.5 mm around apices. Samples from group 12 were completely sealed with two layers of nail varnish over the entire root surface. The bacterial leakage model, modified from Torabinejad et al, was comprised of upper and lower chambers. 13 The upper chamber consisted of microcentrifuge tube (Sigma-Aldrich, St Louis, MO, USA) through which half of the length of a tooth was inserted and protruded through the cut bottom. To secure the tooth, the end of the tube was heated, and the space between the tube wall and tooth was sealed with cyanoacrylate adhesive (ALTEGO, Osaka, Japan), followed by nail varnish. The upper chamber was sterilized with ethylene oxide gas for 12 hours.
The lower chamber was a screw-capped glass vial that was filled with brain heart infusion (BHI) broth (Sigma-Aldrich, USA), and sterilized by autoclaving for 20 minutes. Prior to testing, the upper chamber was placed into the lower chamber ( Figure 1 ). Approximately 2 mm of the root tips were immersed in BHI broth. To ensure sterilization, models were incubated at 37°C for 24 hours. No growth turbidity was observed. that is, growth in 6.5% NaCl in BHI and bile esculin, were conducted to confirm the presence of E. faecalis.
Survival analysis was performed to compare the microleakage times among experimental groups. A Kaplan-Meier plot was used to visualize the results, and a non-parametric log-rank test was used for pairwise comparisons.
| Evaluation of marginal adaptation
Five samples from each group (groups 1-10) were indirectly evaluated for marginal adaptation between the materials and root canal wall using the resin replica technique. 14 Specimens were sectioned incrementally by 1 mm at the apical plug ( Figure 2 ), perpendicular to the long axis of the root, using an IsoMet low-speed saw (Buehler, Lake Bluff, IL, USA).
To obtain a resin replica, an impression of the sectioned specimen was obtained using polyvinyl siloxane (Silagum putty; DMG Chemisch-Pharmazeutische, Hamburg, Germany). Lowviscosity epoxy resin (SpeciFix-40 kit; Struers, Sarasota, FL, USA) was prepared and then poured into the impression. The set replica was mounted on metallic stubs and gold sputtered, and all replicas were evaluated for gap areas on a scanning electron 
| RE SULTS

| Bacterial leakage test
The observation period of the bacterial leakage models was completed in 75 days. The percentages and mean leakage times for samples that did or did not leak are presented in Table 1 . The highest percentage of samples that did not leak was observed in the 4-mm Biodentine group (70%), followed by 4-mm ProRootMTA (50%) and the 3-and 4-mm TotalFill BC RRM putty (50%) groups. All samples with specimens obturated with 3 and 4 mm of TotalFill BC RRM paste (groups 5 and 6) showed complete leakage (100%). In terms of duration of leakage, group 4 had the longest mean leakage time, and group 5 had the shortest. Significant differences between groups are indicated by P < .01 (Table 1) . Differences between groups were calculated by pairwise comparisons (P < .05), which revealed greater sealing ability in groups 2, 3, 4, 7, and 8 than in the other groups.
The Kaplan-Meier survival curves of all groups are shown in exhibited more gradual leakage than 3 mm (6-30 days). In addition, the TotalFill BC RRM putty groups showed similar leakage characteristics at both thicknesses (12-52 days for the 3-mm group and 14-60 days for the 4-mm group). The RetroMTA group also showed similar leakage characteristics (leakage at 4-25 days for the 3-mm group and 6-25 days for the 4-mm group).
| Evaluation of marginal adaptation
The means and SD of the mean percentage of the gap area are shown in Table 2 . Biodentine and TotalFill BC RRM putty exhibited significantly lower mean percentages of gap area than TotalFill BC RRM paste and RetroMTA at both thicknesses. The 4-mm group showed significantly lower mean percentages of gap area than the 3-mm group for Biodentine, TotalFill BC RRM putty, and ProRootMTA.
Representative samples of all groups at the apex level of all groups are shown in Figure 4 .
| D ISCUSS I ON
Sealing ability is an important property of materials used in apexification to prevent bacteria and their byproducts from permeating periapical tissue. The present study was designed to evaluate the sealing ability of five bioceramics used as apical plugs via a bacterial leakage test. Human mandibular premolar teeth extracted for orthodontic TA B L E 1 Percentages of samples that did and did not leak, and the mean time of leakage in each experimental group after 75 days The bacterial leakage test was used in the present study because it has greater clinical and biological relevance more than the dye leakage test and fluid infiltration tests. 15 E. faecalis usually survives in harsh environments, especially at high pH levels. It is associated with persistent apical periodontitis in well-treated root canal obturations and is difficult to eliminate from root canals. 16 Accordingly, this bacteria is commonly used as an indicator in bacterial leakage models.
Supplemental tests, including incubation in 6.5% NaCl in BHI and bile esculin, were performed to confirm the presence of the Enterococcus species in the lower medium of the model. All negative controls showed the same transparency of BHI for 75 days, representing good sealing between the upper and lower chambers of the models. The 75-day observation period was chosen based on previous studies. 17, 18 Physical properties, such as adaptation, adhesion, and solubility of materials, are important and affect the results of leakage tests. 15 Consequently, marginal adaptation between materials and root dentin was evaluated in the present study to identify the correlations between the results from the leakage analysis and marginal adaptation.
An SEM was used to evaluate the gap due to its high magnification and resolution. Resin replicas were duplicated to decrease fractures and gaps/voids due to specimen preparation from natural teeth.
The bacterial leakage test showed significantly better sealing abilities in five groups, including the 3-and 4-mm Biodentine and
TotalFill BC RRM putty groups and the 4-mm ProRootMTA group.
The results of marginal adaptation were similar to bacterial leakage data; groups that showed greater sealing ability had better marginal adaptation than groups that exhibited inadequate sealing ability.
This correlation implies that the gap between root dentin and the material play an important role in the sealing ability of materials.
Similar to the present study, related studies have shown greater sealing abilities and good marginal adaptation of Biodentine [19] [20] [21] and TotalFill BC RRM putty at a 3-mm thickness 22 compared to
ProRootMTA. The greater adaptation of Biodentine could be due to its smaller particle size, as exhibited by the greater specific surface area of Biodentine (2.811 mtion of 3-mm ProRootMTA and TotalFill BC RRM putty. 29 However, these related studies used different methods than the present study.
The influence of material thickness was demonstrated by
ProRootMTA due to the greater sealing ability and better adaptation of the 4-mm group in the present study. A possible reason for this finding could be that the greater mass of material used for obturation resulted in greater expansion and reduced the gap area. However, conflicting results regarding the effect of thickness on sealing ability were observed in previous studies due to the different methods used. Biodentine and TotalFill BC RRM putty were reported to have great sealing abilities and marginal adaptations at both thicknesses.
Most of the materials used in the present study, including
ProRootMTA, Biodentine, and TotalFill BC RRM putty and paste, were comprised of calcium silicate, which expands by 0.2%-6% of its initial volume. This expansion greatly contributes to its sealing capacity. 8 The low expansion coefficient of RetroMTA (0.09% volume) might have generated a large gap, 30 leading to its inferior results in the bacterial leakage analysis.
Inferior results were observed for TotalFill BC RRM paste apical plugs, and a high percentage of gap area was observed, even though TotalFill BC RRM paste has flowability. Difficult handling and a lack of hydraulic pressure when loading TotalFill BC RRM paste into the root canal might have led to its inadequate marginal adaptation and poor sealing ability in the present study.
| CON CLUS ION
The results in the present study demonstrate that Biodentine and TotalFill BC RRM putty at thicknesses of 3 and 4 mm, and ProRootMTA at a thickness of 4 mm, exhibited the best sealing ability and marginal adaptation.
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